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ABSTRACT

Polychlorinated biphenyls are ubiquitous, persistent environmental contaminants that
cause a variety of adverse health effects wildlife and humans. PCBs are the major contaminant

in the Kalamazoo River Superfund Site, in which the Environmental Institute is funded to study.
Projects at the Environmental Institute are focused on developing molecular biotechnology tools
that will improve environmental risk assessment. Previous acute studies involved the exposure
of developing tadpoles, Xenopus laevis to PCBs through aquarium water in order to measure
gene expression. Nerve growth factor (NGF) gene expression showed changes in these previous
studies. NGF is a neurotrophic factor that regulates the growth and development of specific

neurons. Jelaso et al. (2003) showed that tadpoles exposed to low doses (5ppb and 50ppb) of the
PCB mixture, Aroclor 1254, caused significant increases in NGF gene expression in 18-day old
tadpoles independent of adverse health effects. Tadpoles exposed to higher doses of PCBs (500700ppb) caused decreases in NGF gene expression that occurred as adverse health effects

appeared in 11-day old tadpoles, and in doses of l-50ppm in 11-day old tadpoles (Jelaso et al.
2002). My thesis project is designed as an extension of these studies aimed at exposing tadpoles
long-term, using a more natural means of exposure. My thesis is divided into two parts; part one

involved a long-term dietary exposure of tadpoles to A1254. Changes in NGF gene expression
were measured and health and development were charted. Tadpoles exposed to low doses of
A1254 (24ppm) showed increases in NGF gene expression similar to previous acute, DMSOassisted studies.

Part 2 was an extension of part 1 focused on measuring NGF protein expression levels in

tadpoles exposed through their diet. Immunocytochemistry (ICC) was used to characterize NGF
protein expression in normal development. ICC conditions were optimized in order to reduce

background staining and increase specific staining of the NGF antibody. 5, 10, and 20-day old
tadpole tissue sections were stained and 10-day old tadpoles were analyzed as a guideline for the
remaining sections. NGF is expressed in many tissues in 10-day old tadpoles including sensory
neurons and cranial ganglia associated with modulating sensory information, motor neurons in

the spinal cord, specific sensory regions in the oral cavity, eye and ear. NGF has been expressed

in the cranial ganglia, eye, inner ear, oral cavity, and other sensory related tissues in mice, rats
and chick embryos. This is the first study outlining the presence of NGF in the tissues of the
developing frog. The next step in this study will be to determine a common functional role
between tissues containing NGF.

(Anj dfi^^

INTRODUCTION

Polychlorinated Biphenyls

Figure 1. The structure of a polychlorinated biphenyl. Two phenyl rings are

attached at the primary carbons. The chlorine content differs according to the congener.
(From Sauer et al., 2004.)

Polychlorinated biphenyls belong to the halogenated aromatic group of environmental
contaminants. PCBs are widespread ubiquitous contaminants. There are 209 congeners, each
containing unique configurations of chlorine atoms around the two phenyl rings (Sauer, 1994).
Aroclor 1254 is a commonly used commercial PCB mixture that contains 54% chlorine content

(Safe, 1994). Different subgroups of PCB congeners are defined based on their chlorination
pattern. Planar PCBs have no chlorine atoms in the ortho positions of the phenyl rings and tend
to resemble dioxins. Mono-ortho PCBs have one chlorine atom in the ortho position and di-

ortho PCBs have two chlorines in the ortho positions. Each of these subgroups is chlorinated in

both of the para positions and at least two meta positions. (Sauer, 1994) Ortho and non-ortho
PCBs react differently to their environment. For example, orf/w-chlorinated PCBs inhibit the

uptake of dopamine and serotonin in rat brain synaptic vesicles, while non-ortho chlorinated
PCBs had no effects (Mariussen, 2001). Aroclor 1254, used in this study, is made up of mostly
di-orffto-chlorinated PCB congeners but also contains small amounts of non-ortho congeners
(Mariussen, 2001).

PCBs are synthetic compounds used in manufacturing due to their properties of flame
resistance and durability. Their various uses included; adhesives, pesticide extenders, flame
retardants, plasticizers, dust-reducing agents, hydraulic lubricants and in carbonless copy paper.

In the past, much of the PCBs in the environment have been released through disposal practices,

leaks at disposal and manufacturing sites, accidents, and the direct deposit through use of PCBs
in commercial products. In 1994, Safe reported an estimated 1.5 million metric tons of PCBs
had been produced worldwide.

The recognition of PCBs as environmental contaminants first occurred in 1966 (Rosin,
1981). They were banned in 1977, but due to their resistance to degradation, they persist in the

environment. Depending on the congener and environmental conditions, PCBs may have halflives from 10 to 100 years (Fellenberg, 2000). PCBs are lipophillic and accumulate in the
adipose tissues of living organisms. Due to this property, PCBs bioaccumulate in the higher
trophic levels of food chains (Safe, 1994).
PCBs produce a variety of adverse health effects in humans and wildlife. After more

than 2000 people in Japan were poisoned by rice oil contaminated by PCBs, acute symptoms
included headaches, chloracne, fatigue, and respiratory disease (Aoki, 2001). Later termed
Yusho disease, other chronic symptoms included altered menstrual cycles and immune functions.
In humans PCBs have been shown to disrupt the immune, endocrine, and nervous systems (Segre
et al., 2002; Safe, 1984; Persky et al., 2001; Faroon et al., 2000; Tilson et al., 1998). Children

are especially susceptible (Aoki, 2001; Mariussen et al., 2001). Delay of development, abnormal
behavioral assessment and effects on cognitive functions are observed in children exposed to
PCBs (Rogan et al., 1988; Mariussen et al., 2001; Aoki, 2001).

In wildlife, effects of PCBs include lower birth weight reduced survival, depression of
growth, and reproductive failure (Foster et al., 1997; Colborn, 1991; Gutleb et al., 2000; Gould et

al., 1997; Corey et al., 1996). For example, mink experienced total reproductive failure after
being fed PCB contaminated Great Lakes fish at concentrations as low as 2ppm Aroclor 1254
(Aulerich et al. 1977). A study performed by Colborn in 1991 showed reduced fitness in Great
Lakes Bald Eagles after feeding on PCB contaminated Great Lakes fish. In an

immunotoxicology study in which harbor seals were fed herring from PCB contaminated sites;
immunosuppression effects were observed (Van Loveren et al. 2000).

Kalamazoo River Superfund Site

My thesis project and the work of the Environmental Research Institute (Kalamazoo,

Michigan) focus on the Kalamazoo Watershed Superfund Site located in Kalamazoo Michigan
and the surrounding area. The Superfund site covers 82 miles of river and lakes that drain into

Lake Michigan. It is one of the largest and most contaminated EPA Superfund Site in the United
States. Cleanup costs are estimated at one billion dollars currently (Kalamazoo River Watershed
Council, 2000). Polychlorinated biphenyls are the main chemical of concern at this site. The

Michigan DNR reported the major source of PCB contamination was the recycling of carbonless

copy paper between the 1950's and 70's by paper mill companies located along the rivers and
lakes. In a study performed by Creal (1983), sediments around Bryant Mill Pond, Plainwell,
Otsego, and Trowbridge impoundments, and Lake Allegan contained an estimated 227,910
pounds of PCBs (Blasland et al. 2000).

Previous Studies

Adverse health effects of PCBs have been well established; however the mechanisms by
which PCBs affect biological systems are still unclear (Yang et al., 2001). Although PCBs do not
always exert obvious morphological deformities, they may be altering systems at a molecular

level. Molecular changes often produce subtle, yet serious, health effects. Ongoing research at
the Environmental Institute is focused on the development of environmental biomarkers that
detect molecular changes for the improvement of environmental risk assessment methods.

Prior studies in the Environmental Institute have shownaltered morphology, survival and
gene expression in Xenopus laevis tadpoles after exposure to the PCB mixture Arocor 1254

(Jelaso et al., 2003; Jelaso et al., 2002; Fisheret al., 2003). Jelaso et al. (2002) exposed 11-day
old tadpolesto a range of PCB doses in their water facilitated by DMSO. Tadpoles were soaked

for two days in lppm, lOppm, 25ppm, and 50ppm A1254. Geneexpression was measured at

each dose and found to significantly decrease at exposure levels of lOppm through 50ppm. Gene
expression was measured for genes involved with important development and physiological
functions. For example, NGF, an important regulator of neural development, was measured.

This study showed a statistically significant decrease in NGF in tadpoles exposed to 10-50 ppm
A1254. In addition, exposure to 25ppm, and 50ppmproduced changes in morphology,
swimming patterns, and significant decreases in survival.

A follow-up study(Jelaso et al., 2003) showed that oldertadpoles (18 days) were more

sensitive to A1254 than 11 day oldtadpoles. 18 day oldtadpoles were exposed to a lower range
of PCBconcentrations, 5-700 partsper billionversus partsper million in the previous
experiment. Doses of 500ppb, and 700ppb A1254 resulted in increased mortality, behavioral and

gross morphological abnormalities. There was also a statistically significant decrease in gene
expressionincludingNGF. Mid range doses (300, and 400ppb) of A1254 revealed decreases of
gene expression independent of adverse health effects. Gene expression was increased at low

dose exposure (lppb, and 50ppb) of A1254. Together, these changes in gene expression can
serve as biomarkers of exposure and related health effects.

My Thesis Project
Parti

This study was part of a collaborative project at the Environmental Institute.
This study was a follow-up to the previous work with developing tadpoles described above.
The purpose of this study was to understand how PCBs alter NGF gene expression after
long-term, dietary exposure. This is a more natural means of exposure compared to DMSO
assisted, acute exposures. It is important to recreate the circumstances that would occur in the
frog's natural habitat in order to more accurately predict the effects of PCBs in the environment.
Tadpoles in this study were exposed to doses of 24, 50, 100, and 200ppm A1254 in their

diet. Exposure began on day 5 post fertilization and continued through development to stage
64/65 post metamorphosis. Tadpoles were charted through to metamorphosis and observable
health differences along with mortality were recorded. RNA from tadpoles (stage 64/65) was
extracted and real time Taqman RT-PCR was performed to quantify gene expression levels.

Experiment results showed, statistically significant changes in metamorphic rate.
Tadpoles exposed to 24ppm A1254 reached stage 64/65 earlier than controls, whereas tadpoles
exposed to higher doses, 50-200ppm A1254, reached stage 64/65 later than controls.
Gene expression levels were measured for 6 genes involved in normal development and

physiology; nerve growth factor (NGF), dopamine type 2 receptor (D2 Rt), interleukin-1
converting enzyme (ICE), proopiomelanocortin (POMC), glyceraldehydes 3-phosphate
dehydrogenase (GAPDH), and beta-actin (B-actin). Exposure of these genes was significantly
altered in tadpoles exposed to A1254 through DMSO assisted aquarium water. Cytochrome
p450 1A1, a metabolic enzyme involved in steroid metabolism and the detoxification of
xenobiotics, was also measured.

Exposure to 24ppm A1254 produced a statistically significant increase in NGF and

POMC gene expression. D2 Rt, ICE, GAPDH, and fi-actin gene expression levels were also
increased at 24ppm, although not significantly. These results are similar to previous studies with

18 day old tadpoles exposed to A1254 through DMSO assisted aquarium water. In the previous
studies exposure of 18 day old tadpoles to 5 and 50 ppb in the aquarium water produced
significant increases in NGF, p-actin, GAPDH, ICE, POMC, and p53 gene expression. Gene

expression of these genes was not significantly effected by exposure to high doses, 50-200ppm.

Exposure to the highest dose, 200ppm, produced a significant increase in p450 1Al
expression. P450 was not significantly affected by lower doses (24-100ppm). Gene expression
changes occurred independent of observable health effects or changes in survival. This study
demonstrated that exposure to low doses of A1254 accelerate metamorphic rate, possibly
facilitated by an increase in POMC, a gene involved in the regulation of metamorphosis. The
increased expression of cytochrome p450 1Al at the highest dose (200ppm) may be linked to its
role in the detoxification and partial degradation of PCBs.

The results of this study agree with previous acute studies performed by Jelaso et al.
(2002,2003). This work strengthens the evidence for the use of gene expression changes as
biomarkers of exposure to PCBs.
This study was completed and submitted for publication in Environmental Research.
(Refer to Appendix I for submitted manuscript)

Part 2

The next part of my thesis project was designed to more fully understand the effects of
PCBs on NGF protein expression in specific tissues. In part 1, it was demonstrated that NGF

gene expression increases at 24ppm A1254. It is important to determine the effects of this
increase on protein expression. NGF has been shown in some cases to promote survival in
neurons and in other cases induce cell death. A study by Frago et al. (2003) showed that when

NGF binds to its low affinity receptor, apoptosis is induced in the developing inner ear.
It was necessary to first define NGF protein expression in normal Xenopus tissues in
order to have a comparison for PCB exposed tadpoles. Immunocytochemistry or ICC is a tissue

staining technique that involves several steps including the incubation of tissue in an antibody in
order to detect the presence of a specific protein. The ICC protocol includes several variables, in
which optimization is necessary for NGF protein staining. This work provides a guide for
determining the effects of PCBs on NGF in specific cells or tissues.
This project is aimed at answering the following questions:

1. In part 2, NGF mRNA was shown to increase after exposure to PCBs, the purpose of this
study was to determine if an increase in NGF mRNA produces an increase in NGF protein
expression?

2. In which specific cell/tissue type is NGF protein increased by exposure to PCBs?
3. Does NGF protein expression change throughout tadpole development?

Nerve Growth Factor

.

A.

B.

Figure 2. Effects of NGF on the outgrowth of neurites. (A) A chick-sensory gangliontaken from an 8day old embryo and grown in organ culture for 24 hours in the absence of NGF. Few neuronal branches grow out
from the ganglion. (B) A ganglion in identical culture conditions 24-hours after the addition of NGF to the medium.
NGF induces a halo of neurite outgrowth from the ganglion cell. (From Purves and Lichtman, 1985; courtesy of R.
Levi-Montalcini.)

Nerve growth factor or NGF, belongs to the class of neurotrophins including brain

derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin 4/5 (NT-4/5)
which are proteins that regulate growth and development of specific neurons (Otten et al., 2001).
NGF is primarily produced and distributed by glial cells in both the CNS and PNS (Otten et al.,
2001). The functions of nerve growth factor in the nervous system include the promotion of
neuronal survival, development, and differentiation.

NGF was first identified in 1949 by an Italian biologist, Rita Levi-Montalcini after

injectingNGF into chick sensory ganglion cells and subsequentlyobserving a "halo" of neuronal
growth surrounding the original cells. Rita Levi-Montalcini earned a Nobel Prize for her work
on NGF.

According to the widely accepted Neurotrophic Theory, limited amounts of NGF are

released by target cells to bind with NGF receptors on neurons in a retrograde transport manner
(Levi-Montalcini et al. 1968). Glial cells are the main source of production and distribution of
NGF (Ridet et al. 1997). NGF is known to bind to both tyrosine kinase (trkA) and p75. It has
been shown that the deletion of Trk receptors in cells requiring NGF for survival causes cell
death or apoptosis (Frade et al. 1998). P75 is a receptor that has been shown to increase the

affinity of TrkA for NGF (Ibanez et al. 1990). There is conflicting evidence as to whether or not
the binding ofNGF to p75 in the absence of TrkA induces or inhibits cell apoptosis.
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In addition to regulating neuronal survival and differentiation during neuronal
development, NGF regulates the immune system function (Otten et al. 1995, Gadient et al. 1990,

Friedman et al. 1992). In response to neuronal damage, NGF is up-regulated by glial cells and
may protect neighboring neurons and other neural cell types from damage. In 1992, Aloe et al.

showed that on the onset of rheumatoid arthritis IL-1 triggers an increase in NGF.

Sources ofNGF in Xenopus laevis

NGF is found in both mammals and lower vertebrates and is highly conserved. It is

typically not found in concentrations high enough to purify and perform experiments
(Fahnestock et al. 1991). In mice, a large source of NGF is found in the submaxillary gland
(Aloe, 1986). In 1959 Cohen discovered the high content of NGF in snake venom. IN the

developing rat brain, the largest sources of NGF are in the hippocampus and neocortex (Large et
al. 1986). Studies of NGF in humans have been difficult due to the low levels produced in
human tissues (Fahnestock et al. 1991). Although the protein has been hard to isolate in humans,

NGF mRNA has been identified in human placenta, cortex and hippocampus (Cole et al. 1986,
Goedertetal. 1986).

Sources of NGF in amphibians have not been well documented. In 1985, Levi-

Montalcini and Aloe showed increases in NGF in the sensory cephalic and dorsal root ganglia,
and brain and rostral spinal segments after injecting NGF mRNA into Xenopus laevistadpoles.
Also enlarged were Mauthner cells, Miller pontotegmental neurons in the brainstem and motor
neurons in the spinal cord (Levi-Montalcini et al., 1985).

MATERIALS AND METHODS
Animals

Amphibians are good species for studying the effects of environmental contaminants, due

to their permeable skin and well-defineddevelopment. (Wake, 1991; Qin et al., 2003)Xenopus
laevis, commonly called the African clawed frog, spends its entire life in aquatic systems. They
can also easily be induced to breed with the injection of hormones.

Tadpoles were obtained by injecting adult Xenopus frogs with chorionic gonadotropin

(Sigma, St. Louis, MO, USA), a hormone extracted from human pregnancy urine. Tadpoles
were reared in 8x8 inch glass Pyrex dishes with 1000ml of water. Absopure spring water

(Absopure, Plymouth, MI) was used for the first 14 days to increase survival. After 14 days
11

tadpoles were reared in deionized tap water. Water was changed every three days. Stages and
development were followed according to Niewkoop and Faber (1994). Animals were treated in
accordance with an animal use protocol approved by the Institutional Animal Care and Use
Committee of Western Michigan University (Kalamazoo, MI, USA).

Dietary Exposure of Tadpoles

Exposures were designed to reflect environmentally relevant concentrations of PCBs
found in both sediments and animal tissues in the Hudson River and Kalamazoo River

Watershed Superfund sites (Blasland et al., 2000; EPA, 1999). For example, in the Kalamazoo
River Superfund site surficial sediment levels in the river up to 160ppm and concentrations in
fish tissues ranging from 50-250ppm have been reported (Jelaso, 2002).
Aroclor 1254 was obtained from AccuStandard (New Haven, CT). Tadpole food was
prepared by dissolving A1254 in hexane. Appropriate amounts of the prepared A1254 were

added to commerciallyavailable Nasco frog brittle to create doses of 24, 50, 100, or 200ppm
food. 95% ethanol was used to anneal the prepared A1254 to the frog brittle. Control food was
soaked in 95% ethanol. The food was incubated at room temperature until dry and PCBs levels
were measured using GC/MS (gas chromatograph/mass spectrometer) by Dr. Jay Means' lab.

Twelve tadpoles were randomly selected for each treatment group; four per bowl.

Tadpoles were fed daily from five days (stage 44/45) post-fertilization through metamorphosis
until stage 64/65. Each bowl receivedthe same amount of food per feeding (0.02g). Gross
morphology, behavior and developmentwere observed throughout the exposure.
At stage 64/65, four tadpoles from each treatment group were anesthetized with tricane

methane sulfonate (MS222, diluted 1:2000, Sigma) to be used for immunocytochemistry.
Tadpoles were fixed in Bouins solutionat 4°C for 24 hours then transferred to phosphate buffer
solution for storage. For RT-PCR preparation, eight tadpoles (stage 64/65) from each treatment
group were anesthetized as described previously. The appendages were removed and stored at -

20C until sent to Dr. Jay Means lab for GC/MS analysis. The head and body were frozen in

liquid nitrogen, stored at -80°C and used for real time PCR analysis.

,

For optimizing immunocytochemistry, additional tadpoles were reared and fixed in

Bouinssolutionat days 5, 10, 20, and stage 64 (post metamorphosis). These tadpoleswere
analyzed for NGF protein during normal development using ICC staining techniques.
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Paraffin Embedding

Older tadpoles (stage 65), were first decalcified using the RDO Rapid Decalcifier method

(Apex EngineeringProducts Corporation, IL). All tissue was then soaked in phosphate-buffered
saline, pH 7.4 and dehydrated through a sequence of increasing grades of ethanols. After a wash
in methyl salicylate, (ICN Biomedicals, OH) tissue was incubated at 58°C in a solution of half

methyl salicylate and half paraffin wax (Oxford Laboratories, MO) for two, thirty minute
incubations. While still in the incubator, the half and half solution is replaced with 100% fresh
paraffin for one hour. Once this is complete, vials containing tissue are placed inside of a
vacuum oven (Napco model 5831, VA, USA) for one hour at 35atms. The tissue is transferred

from vials to molds containing 100% paraffin and oriented for horizontal or coronal tissue
sectioning.

(Refer to Appendix 2 for an example of paraffin embedding protocol.)

Cutting Tissue Sections

20 urn tissue sections were cut using a Ziess HM35 microtome (Petersburg, VA, USA).

The sections were floated on 42° C deionized tap water. The sections were oriented ontogelatin
subbed glass slides and placed on a slide warmer overnight.

Immunocytochemistry

Western blot analysis confirmed that the NGF antibodyrecognizes only protein of 13kDa

within Xenopus laevis tadpoles, whichis similarto the weightof mammalian NGF (Jelaso,
1997). A Streptavidin/Biotin method was used to stain for NGF. Tissue sections were washed in

xyleneto removeparaffin wax followed by a series of ethanol washes to re-hydrate the tissue.

Next tissue is steamed in Citrate Buffer (Vector Laboratories, Burlingame, CA) for thirty
minutesto allow for antigenunmasking. Three percent hydrogenperoxide solutionwas used to
quench endogenousperoxidase for five minutes and a blocking solution for 2 hours (NGF
detection: 3ml normal horse serum, 400ul Triton X-100 in 100ml PBS). Tissue sections were

incubated overnight in 1:750 dilutions of primary antibody at 4°C. A polyclonal, rabbitantinerve growth factor-beta (Chemicon) was used. On day two, tissue was incubated in 1:200

dilution of biotinylated anti-rabbit IgG (Vector Laboratories)for 30 minutes. A standard
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Avidin/Biotinylated enzyme (ABC) complex (Vector Laboratories) was then applied. Pigment
was added to the staining with 3,3'-diaminobenzidine complex (DAB)(Vector Laboratories) for
1 minute. Tissue sections were dehydrated with a series of increasing ethanols, cleared by

xylene and applied with Permount (Fisher, Pittsburgh, PA) to attach glass coverslips. Staining
was analyzed under an Olympus microscope (Tokyo, Japan). Control slides with no primary
antibody were lacking any sign of staining. NIH image analysis was used to measure
quantitatively the immunoreactivity for a specific cell type or structure.
(Refer to Appendix 3 for an example of ICC protocol.)

RESULTS

Optimization

Throughout the ICC process, there are parameters that can be optimized to allow for the
maximum specific staining and minimum non-specific staining. A more detailed description of
these results is listed in Table 1. The following is a list of the steps that were altered for
optimization:

1. Varied the time of an antigen unmasking step - tissue was steamed in citrate buffer for
varying times.

2. Tested a range of primary antibody concentration - concentrations of 1:750 to 1:300 were
tried.

3. Tested different incubation times for secondary antibody - length of incubation was
shortened to reduce non-specific staining.

4. Added a Nickel Enhancement step to try and increase signal.

5. Added a Streptavidin/Biotin Blocker to reduce non-specific staining

NGF Protein Expression in Tadpole Tissues

To date tissue sections for 5, 10, and 20 day old tadpoles were processed for NGF ICC.

Due to time limitations for this project, processing of stage 64/65 frog tissues is still in progress.
The analysis of 10 day old tadpoles is complete and will be used as a guideline when analyzing
the remaining slides.

Because NGF has been best characterized in developing animals, analysis of developing
tadpole tissues was important. Due to the remodeling of tissues and functions during
14

metamorphosis early development tissues were needed first in orderto have a comparison for
stage 64/65 post metamorphosis tadpoles. PCB exposed tadpole tissue will also be processed
and analyzed for changes in NGF protein expression.

Results of the analysis of day 10 tadpoles are displayed in Appendix 4.

DISCUSSION

NGF protein expression in amphibians has not beenwell documented. This is the first
study outlining NGF expression in the developing frog, Xenopus laevis. Expression of NGF has
been well characterized in mice, rats, and chick embryos. Many of the findings of NGF studies

with these animals are congruent with the results of this study. Manni et al. (2003) found that

human synovial fibroblasts in culture contained and produced NGF. Results of this study
showed fibroblasts expressing NGF in the mouth (fig.6), head (fig.l), and tail regions (fig.9, 10).

Cranial ganglia in several animals have been documented to contain NGF, confirming with the
results of this study (fig.l, 2). NGF is expressed in the cranial ganglia of mice (Glebova et al.,
2004) and chick embryos (Hallbook et al., 2004).

Figure 5 shows NGF expressed in the mouth of 10day old tadpoles, specifically in the
tongue and papillae. It is well known thatNGF and its receptor is expressed during tooth
development (Kurihara et al., 2003). Presently research demonstrating the presence of NGF in

papillae or the tongue in the oral cavity is lacking. One study performed in 1996, (Takami et al.)
reported the expression of NGF in papillae of the tongue in transgenic mice.
There has been much research showing the presence of NGF in motor neurons in mice

(Tonge et al., 2004). NGF has been shown to be required for the extension of motor axons in
cultured limb buds in mouse embryos (Tonge et al. 2004(Tucker et al., 2001)). Patel et al.

(2000) demonstrated thatthe absence of either NGF or it's trkA receptor impairs the growth of
limb buds. We found motor neurons expressing NGF in the spinal cord. Documentation of NGF

specifically in the spinal cord includes Levi Montalcini et al. (1985) discovery of motor neurons
in the spinal cord of Xenopus laevis that responded to injections of NGF. Our study verifies
these results by confirming the presence of NGF in motor neurons of the spinal cord.

This study found NGF expressed in the ear (fig. 4, 5), specifically in the ear epithelium
and horizontal ear canal. Dai et al. (2004) demonstrated the expression of trkA in the rat and
mouse ear. TrkA was found in the hair cells, cochlea and in spiral ganglion neurons. This

suggests that NGF can attach to these cells and exert its effects in the ear.
15

One notable observation is the selective staining of the NGF antibody as can be seen in

all of the figures of Appendix 4. NGF did not stain the nervous system indiscriminantly, specific
stained tissues and cells can be differentiated between non-stained tissues and cells. A possible

explanation for the absence of staining in nervous system tissues is that these tissues may require
other neurotrophic factors, such as BDNF, NT-3, NT-4 or NT-5. A study by Tonge et al. (2004)
showed that in co-cultures ofXenopus laevis limb buds with spinal cords and dorsal root ganglia,

axons grow directly toward limb buds even in the presence of trk-IgG chimeras, which sequester

nuerotrophins. This study concluded that the developing limb buds of Xenopus laevis release
diffusible factors other than neurotrophins, which facilitate the growth of axons towards limb

buds. This may be an explanation for the lack of staining in specific motor and sensory cells in
the spinal cord (fig.9, 10).

Interestingly, NGF was not found in Mauthner's neuron. This giant cell has been shown

to respond to NGF injections. Levi-Montalcini et al. (1985) injected NGF into Mauthner's
neuron in Xenopus laevis tadpoles stages 42-46. NGF induced a halo of neurite outgrowth

projecting from the neuron. 10-day old tadpoles analyzed in this study were stages 47-48. The
tadpoles injectedby Levi-Montalcini were younger than the tadpoles injected in this study,
suggesting Mauthner's neuron may require NGF in the younger stages of development but not as
the tadpoles becomes older. The same study by Levi-Montalcini et al. (1985) demonstrated a
response in motor neurons in the spinal cord, agreeing with our results. We found NGF located
in specific motor neurons in coronal sections of the spinal cord (fig.9, 10).
An interesting follow up study will be to double stain tissue sections with both NGF and
trkA antibodies. By analyzing which cells contain NGF and/or which cells contain the receptor
for NGF, we will be able to discriminate between cells are that making NGF and cells that are
able to accept NGF.

CONCLUSION

NGF is expressed in many tissues in 10 day old tadpoles including sensory neurons and

cranial ganglia associated with modulating sensory information, motor neurons in the spinal
cord, specific sensory regions in the oral cavity, eye and ear. Various published literature
confirms the findings of this study. NGF has been expressed in the cranial ganglia, eye, inner
ear, oral cavity and other sensory related tissues in mice, rats and chick embryos; however this is

16

the first study outlining the presence of NGF in the tissues of the developing frog. The next step
in this study will be to determine a commonfunctional role betweentissues containing NGF.
Work on this study will continue with the analysis of 5, and 10 day old tadpoles. As well

as a comparison of normal development earlymetamorphosed frogs to frogs exposed to doses of
PCBs to determine if PCBs increase NGF protein expression in sensory regions.
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ABSTRACT

Polychlorinated biphenyls (PCBs) are persistent environmental pollutants that

contribute to worldwide health problems. Despite data associating PCBs with adverse
health effects, decisions to clean-up contaminated sites remain controversial. Clean-up

decisions are typically based on risk assessment methods that are not sensitive enough to
detect subtle changes in health. We have recently shown that gene expression signatures
can serve as sensitive, molecular biomarkers of exposure and related health effects. Our
initial studies were carried out with developing Xenopus laevis tadpoles that were

exposed to the PCB mixture, Aroclor 1254 (A1254), for 2 days. A1254 was dissolved in
DMSO (dimethyl sulfoxide) and added to the aquarium water for rapid loading of PCBs

into the tadpole tissue. These studies showed that increases in the expression of specific

genes occurred independent of adverse health effects, and decreases in specific genes

correlated with the appearance of observable health effects, including decreased survival
and gross morphological and behavioral abnormalities. In this report, we extend our

previous work to test the use of gene expression signatures as biomarkers in frogs

exposed to PCBs through the diet from early tadpole stages through metamorphosis. This
work showed that chronic, low dose exposure to A1254 (24 ppm) in food produced tissue

levels of 17 ppm and increased gene expression of NGF and POMC independent of
adverse health effects. Exposure to higher doses of A1254 (200 ppm) produced tissue
levels of 80 ppm and increased expression of p450 1A1, also, independent of adverse
health effects. This work provides further evidence for the use of gene expression
changes as biomarkers of exposure to PCBs.

Keywords: PCBs, gene expression, biomarker, metamorphosis, frog
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are ubiquitous pollutants that pose a global

environmental health problem (Safe 1994, Mayes et al. 1998). They were manufactured
in the United States in the 1950's for use in electrical transformers and capacitors,

plasticizers and carbonless paper products. Although their manufacture was banned in the
1970's they are highly resistant to degradation and persist in the environment (Danse et
al. 1997, Pruitt et al. 1999). PCBs are lipophilic and concentrate in biological tissues,

placenta and blood. PCBs bioaccumulate along successive levels of the food chain

(Peakall 1992, Safe 1994, Weisglas-Kuperus 1998). The most common route of exposure

is through the consumption of contaminated fish (MDEQ 1998, Faroon et al. 2001,
Schantzetal. 2001).
Numerous studies have shown that PCBs cause adverse health effects in wildlife

and humans. For example, PCBs cause reproductive system dysfunction (Hornshaw et al.
1983, Heaton et al. 1995, Mendola et al. 1997, Raychoudhury et al. 2000, Fernie et al.

2001), endocrine disruption (Colborn et al. 1993, Fox 2001, French et al. 2001, Gore

2001, Kimbrough & Krouskas 2001), immunological effects (Tryphonas 1995, Weisglas-

Kuperus 1998, Grasman & Fox 2001, Belles-Isles et al. 2002), and neurodevelopmental
andneurological deficits (Huisman et al. 1995, Jacobson & Jacobson 1996, Jacobson &
Jacobson 1997, Patandin et al. 1998, Tilson et al. 1998, Faroon et al. 2001). Health

effects most commonly occur in developing organisms; however, reproductive and

neurological impairments have also been shown in adult laboratory animals (Altmann et
al. 1995, Nishida 1997, Stewart et al. 2000) and humans exposed to PCBs through

occupational exposure or through consumption of Great Lakes fish (Kilburn & Warshaw
1995, Schantzetal. 2001).

Decisions regarding the necessity and extent of clean-up of contaminated sites are
often contentious due to political, economic and scientific concerns. Clean-up decisions
rely on environmental risk assessments that draw upon various factors, including health
risk data (Fontenot et al. 2000). Determining the health risks of exposure to PCBs is
complicated by the fact that environmental levels are frequently associated with health

effects that are non-lethal and occur through subtle changes in biochemical and molecular
mechanisms that are difficult to measure. In order to improve environmental health risk
assessment, it is necessary to establish sensitive methods that reliably detect effects of
low dose exposures and subtle changes in physiology that produce non-lethal but
significant health effects (Glowa, 1991).

Biomarkers are commonly used risk assessment tools that indicate not only
whether an exposure to a specific contaminant has occurred, but also the biological

effects related to that exposure (Silbergeld 1990, Silbergeld 1993). Sensitive biomarkers
that detect molecular-level changes may improve our ability to detect sublethal effects of
exposure and elucidate underlying mechanisms of contaminant-induced health effects.
We have previously shown that changes in gene expression can serve as

biomarkers of exposure and related health effects to the PCB mixture, A1254, in
developing Xenopus laevis tadpoles (Jelaso et al. 2002, Jelaso et al. 2003). Aroclor 1254,
commonly found in the environment consists of both ortho and non-ortho substituted
congeners. Changes in gene expression were measured after acute exposure to A1254

(Jelaso et al, 2002, 2003). In our previous studies, A1254 was dissolved in DMSO and

added to the tadpole aquarium water. In Jelaso et al., (2003), we showed that exposure to

low doses of Aroclor 1254 (up to 50 ppb) increased expression of NGF, POMC, ICE, (3actin and GAPDH in 18 day post-fertilization tadpoles after 2 days of exposure. PCB
levels in the tadpole tissue were less than 20 ppm. Increased gene expression occurred
independent of observable health effects or long-term changes in survival, demonstrating

the use of these gene expression changes as biomarkers of exposure. Higher doses of
A1254 (400-700 ppb), after 2 days of exposure, produced tissue levels of 80-160 ppm
and decreased gene expression of NGF and j3-actin that occurred concomitantly with
decreased survival and the appearance of gross morphological and behavioral
abnormalities. This study showed that increases in expression of specific genes can serve
as biomarkers of exposure to A1254, and decreases in expression of specific genes can
serve as biomarkers of exposure and related health effects.

In the following report, Xenopus laevis tadpoles were exposed to A1254 through

the diet from early development through metamorphosis. This study was designed to
validate our previous work, but in this case, using an exposure method that reflects a
natural route of exposure. Taqman RT-PCR was used to measure changes in gene

expression for 6 genes that play important roles in normal development and physiology
(NGF, D2 Rt, ICE, POMC, GAPDH and P-actin) and for p450 1Al, a metabolic enzyme
that is frequently upregulated by PCBs. Survival, gross morphology and behavior were
monitored and tissue levels of PCBs were measured using GC/MS.
MATERIALS AND METHODS
Animals

Xenopus laevis tadpoles were obtained by injecting male and female adult frogs

with human chorionic gonadotropin (Sigma, St. Loius, MO). Tadpoles were reared in
spring water (Absopure, Plymouth, MI) for the first 14 days to increase survival and then

transferred into deionized tap water. Tadpoles were staged according to Nieuwkoop and

Faber (1994) and were treated in accordance with an animal use protocol approved by the
Institutional Animal Care and Use Committee of Western Michigan University.
Dietary exposure of tadpoles
Dietary exposure to A1254 was started at the time that Xenopus laevis tadpoles

begin feeding, at approximately five days post-fertilization (approx. stage 44/45).
Tadpoles were randomly sorted into the following treatment groups: control, 24 ppm, 50
ppm, 100 ppm or 200 ppm. Twelve tadpoles were assigned to each treatment group.

Tadpoles were reared in 8x8 inch glass dishes; 4 tadpoles per dish.
A1254 was purchased from AccuStandard (New Haven, CT). Tadpole food was

prepared by making a stock solution of A1254 (50 mg) dissolved in hexane (100 ml) for a

final concentration of 500 ppm. An aliquot of stock solution was dissolved in 95%
ethanol and added to commercially available tadpole food (Nasco) to obtain doses of
either 24, 50, 100 or 200 ppm A1254. The food was incubated at room temperature in a
fume hood until dry. PCB levels were measured using GC/MS. Control food was

prepared in a similar manner, but by adding hexane with no A1254 and 95% ethanol.
Tadpoles (1 dish) were fed a scoop (0.02 g) of frog food containing A1254 (or control
food) every day and changed into fresh deionized tap water every three days. Each bowl
received the same amount of food per feeding. Tadpoles were exposed from five days

post-fertilization (approx. stage 44/45) through metamorphosis (stage 64/65). Gross

morphology, behavior and development were observed throughout the course of the
exposure period.

The experiment was repeated twice with tadpoles from 2 independent spawnings.

Animals from the first experiment were used to optimize RT-PCR conditions and to

measure PCB tissue levels using GC/MS. Animals from the second experiment were used
for RT-PCR analysis of gene expression. At stage 64/65 each tadpole was anesthetized in
tricaine methanesulfonate (MS-222, diluted 1:2000), weighed and dissected in order to

collect tissue samples for RNA isolation and GC/MS analysis. The limbs were removed
and stored at -20C until extraction for GC/MS analysis. The head and body region was
snap frozen in liquid nitrogen and stored at -80 C until RNA isolation.
RNA extraction

Total RNA was isolated using Qiazol reagent and Qiagen RNEasy Maxi kits
following the manufacturer's instructions (Qiagen, Valencia, CA). Following lysis, 50 ng
of yeast mRNA (Clontech, Palo Alto, CA) was added to the homogenate for each
treatment group in order to obtain an exogenous control for Taqman RT-PCR. mRNA
was isolated from the total RNA from each treatment group using Oligotex mini kits

according to the manufacturer's instructions (Qiagen). The mRNA concentration of each

treatment group was determined by measuring the absorbance at A260 using a GeneQuant
Pro spectrophotometer (Amersham Pharmacia Biotech, Piscataway, NJ).
Real-time PCR
•

•

Gene sequences used for primer and probe design were obtained from GenBank.
Primers and dual-labeled fluorescent probes were designed with Primer Express software

(version 1.5, Applied Biosystems, Foster City, CA). All probes were synthesized with a

FAM (6-carboxy-fluorescein) reporter molecule attached to the 5' end and a TAMRA (6carboxy-tetramethyl-rhodamine) quencher linked at the 3' end. Taqman RT-PCR
reactions were carried out for the following seven genes: NGF (nerve growth factor), D2
Rt (dopamine type 2 receptor), ICE (interleukin-1 converting enzyme), POMC

(proopiomelanocortin), p450 1A1, GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
and p-actin. RT-PCR reactions using primers and probe for yeast actin were run in each
plate in order to serve as an exogenous control. Primer and probe sequences, and the
physiological functions of each gene were previously published in Jelaso et al., 2002,
2003.

Each RT-PCR reaction was performed in a 25 ul final volume containing 1.25
U/ul of MultiScribe Reverse Transcriptase, forward and reverse primer, 200 nM Taqman

probe, 2X Master Mix without UNG (uracil N-glycoslyase) and an equivalent
concentration of mRNA template for each treatment group. All RT-PCR reagents were
purchased from Applied Biosystems. For each gene, all RT-PCR runs contained control
reactions without template and without reverse transcriptase, and a four point standard
curve. All reactions were run in duplicate in 96 well plates. An Applied Biosystems

Prism 7700 Sequence Detection System was used for amplification and fluorescence

detection. Thermal cycling parameters were 48° C, 30 minutes, 10 minutes at 95° C and
then 40 cycles of 95° C for 15 seconds, 60°C for 1 minute.

The relative standard curve method was used to quantitate mRNA levels for each

target gene (Jelaso et al., 2002, 2003). Standard curves were generated using serial

dilutions of mRNA (1, 2, 4 and 8 ng) from untreated control frogs. These concentrations
were used to generate the standard curve as they produced curves with correlation

coefficients of 0.99 and slopes closest to -3.3, indicators of efficient RT-PCR reaction

conditions. Four ng of mRNA from each treatment group was used as a template for each
RT-PCR reaction.

An equivalent amount of yeast mRNA (50 ng) was added to each sample during
the total RNA isolation as an exogenous control for the RT-PCR reaction. For each RT-

PCR run, reactions using mRNA template from each treatment group were performed

with primers and a Taqman probe for yeast actin. The relative expression level for each
target gene was calculated by dividing the target gene value by the yeast actin (exogenous
control) value (Jelaso et al. 2002, Jelaso et al. 2003, Smith et al. 2003). The mRNA

values for each treatment group were expressed as a percentage of the untreated control

group expression value. Statistical comparisons were performed using ANOVA and
Fisher's post-hoc test (Statview, SAS Institute, Cary, NC).
PCBs GC/MS analysis
Reagents

PCB standards and internal standards were purchased from AccuStandard and

Ultra Scientific (North Kingstown, RI). An internal standard, 4,4'-dibromo-octafluoro

biphenyl (DBOFP) was purchased from Ultra Scientific. Solvents utilized in the

extraction process were pesticide grade hexane and dichloromethane obtained from Baker
Scientific (Phillipsburg, NJ). Solid phase C-18 used for matrix solid phase dispersion
(MSPD) extraction was purchased from Varian Scientific (Cary, NC).
Extraction

Frog tissue samples were extracted for PCBs using a matrix solid phase dispersion

(MSPD) method (Barker et al. 1993). Briefly, the tissue was weighed and combined with
5g ofdry, pre-cleaned C-18 solid phase material in a glass mortar, spiked with 25 ul ofa
•
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solution containing the five deuterated surrogate standards (40 jig/ml each) and then
thoroughly ground into a homogeneous powder with a glass pestle. The CI8 was then
transferred quantitatively into the barrel of a disposable 10 ml plastic syringe plugged at
the end with a 4 mm glass fiber filter and a small amount of inactivated glass wool. The
MSPD columns were then eluted as follows: the column bed was first saturated with

approximately 2 ml of dichloromethane and allowed to stand for 20 minutes. An

additional 8 ml of dichloromethane were passed through each MSPD column and allowed
to elute by gravity into a 40 ml glass vial. In some cases, the solvent was slowly forced
through the column using a syringe.

The solvent eluent was evaporated to approximately 2 ml under a stream of pure
nitrogen, transferred quantitatively to a 4 ml amber glass vial and further evaporated

under nitrogen to a final volume of 200 ul. Samples were stored at -20° C until GC/MS
(gas chromatograph/mass spectrometer) analysis.

GC/MSAnalysis ofPCB congeners

The PCB congeners were quantified by the multiple selected ion monitoring
GC/MS method adapted from Means (1998) and McMillin and Means (1996). Analysis

was performed on 2ul samples of the extracts using an Agilent Technologies (Palo Alto,
CA) (AG) 6890A gas chromatograph equipped with the capillary column (AG DB5MS)(30m X 0.025mm i.d.), which was directly interfaced to an AG 5973N Mass
Selective Detector (MSD), equipped with a 7683 autosampler. A temperature program

for the GC oven using a series of linear temperature ramps from 50° to 300°C in order to
optimally separate the analytes was developed. The mass spectrometer was tuned daily
and/or after each 16 hours of analysis using perfluorotributylamine (PFTBA).

11

A multiple selected ion monitoring method (SIM) was developed for monitoring
the total amounts of CL1 to CLIO congener groups in the appropriate retention

window(s). The congener groups were quantified using a calibration standard containing
a representative congener from each chlorination group (AccuStandard). Individual
congeners were quantified using authentic individual standards or mixtures.
Determination ofmethod detection limits

Detection limits for each analyte in the sample matrix type were estimated from
statistical information derived from standard calibration curves (Taylor 1987). For the

frog tissue samples, this limit was typically -5-12 ng/gwetwt. (ppb) with a mean value
of 9 ng/g. Samples were spiked immediately before injection with 10 ul of a lOOug/ml
solution of DBOFP as an internal standard.
RESULTS

Aroclor 1254 alters metamorphic rate in developing frogs

In this report, Xenopus laevis tadpoles were exposed to either 0, 24, 50, 100 or

200 ppm A1254 through dietfrom five days post-fertilization (stage 44/45) through
metamorphosis (stage 64/65). Each animal was collected at stage 64/65 and the day of
collection was recorded. ANOVA followed by Fisher's post-hoc test was used to

determine if there was a statistically significant difference in metamorphic rate between

the treatment groups. Figure 1 shows the average number of days it took for the animals
in each treatment group to reach stage 64/65 for both experiments. In both experiments,

the tadpoles exposed to 24 ppm A1254 reached stage 64/65 earlier than the controls, and
the tadpoles exposed to higher doses (50-200 ppm) reached stage 64/65 later than the
controls. In the first experiment, there was a statistically significant difference between
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the animals exposed to 50, 100 and 200 ppm A1254 compared with tadpoles exposed to
24 ppm A1254 (marked on graph with single asterisk* N=8; 50 ppm p< 0.05; 100, 200
ppm p<0.01). In addition, there was a statistically significant difference between the
tadpoles exposed to 100 and 200 ppm A1254 compared to the controls (marked on graph

by double asterisk**, N=8 p <0.05). In the second experiment, there was a statistically

significant difference between the tadpoles treated with 100 and 200 ppm A1254
compared to the tadpoles treated with 24 ppm A1254 (marked on graph with single

asterisk*, N=8; 100 ppm p <0.05; 200 ppm p <0.01). There were no significant changes
in survival or any observable changes in gross morphology or behavior between any of
the treatment groups.

Aroclor 1254 alters gene expression in newly metamorphosed frogs
Gene expression levels for seven biomarker genes were measured using Taqman
RT-PCR. ANOVA followed by Fisher's post-hoc test was used to compute statistical
comparisons between the treatment groups. ANOVA p and F values for each gene are

listed in Table 1. Figure 2A shows that dietary exposure to 24 ppm A1254 produced a
statistically significant increase in expression of POMC and NGF (N=5). Figure 2B

shows that exposure to 24 ppm A1254 also increased expression of the D2 Rt, ICE,
GAPDH and P-actin (D2 Rt, ICE: N=5; GAPDH, P-actin: N=4), although not statistically

significant. Most likely, these changes are not statistically significant because there was
greater variability in the animals' response for these genes. Exposure to higher doses (50-

200 ppm) had no significant effect on expression of these genes. Exposure to 200 ppm
A1254 significantly increased expression of p450 1A1 (N=4; Fig. 2C).
PCB accumulation in frog tissues
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PCB levels were measured in the hindlimbs and forelimbs of individual frogs

from each treatment group from the first experiment using GC/MS. PCB accumulation in
frog limbs ranged from 16.43 + 1.61 to 79.81 + 5.59 ppm (24 and 200 ppm in food,
respectively). The mean PCB tissue levels for each treatment group are shown in Table 2.

There were no detectable levels of PCBs present in the control frog tissues.
DISCUSSION

In this article, the effects of chronic, dietary exposure to A1254 were analyzed in
adult Xenopus laevis frogs. The frogs were fed A1254 treated food from early tadpole
stages (5 days, ~ stage 44/45) through metamorphosis (stage 64/65). This study was

designed to define the effects of A1254 using an exposure method that reflects a natural
means of exposure. The concentrations of A1254 (24-200 ppm) added to the frog food

reflect levels of PCBs found in fish and wildlife in contaminated watersheds, including
the Hudson River and Kalamazoo River Superfund sites. For example, levels of up to 160
ppm in surfical sediment and from 50-250 ppm have been reported in fish tissues in the
Kalamazoo River Superfund site (MDEQ 1998, Blasland 2000). In addition, the
concentrations of A1254 used in this study are similar to other laboratory based exposure
studies (Gray et al. 1993, Corey et al. 1996, Fowles et al. 1997, Hood & Klaasen 2000).

For example, Corey et al. (1996) exposed adult rats to 125 or 250 ppm A1254 through
diet for 60 days and found depressed levels of choline acetyltransferase (ChAT) activity

in the brain and memory impairment in exposed animals, and Hood and Klaasen (2000)
exposed adult rats to either 25, 50, 100 or 200 ppm A1254 through diet and showed
altered levels of thyroid hormone deiodinase activities.
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Long-term dietary exposure to A1254 produced no significant changes in
survival, gross morphology or behavior. In previous studies, we showed that acute
exposure to A1254 significantly reduced survival in 11 and 18 day old tadpoles (25 and
50 ppm in 11 day old tadpoles; 700 ppb in 18 day old tadpoles). Reduced survival

occurred concomitantly with the appearance of gross morphological and swimming
behavior abnormalities (Jelaso et al., 2002). In the previous studies, A1254 was dissolved
in DMSO and added to the aquarium water; a method that rapidly loaded the tadpole

tissues with PCBs. Adverse health effects appeared in tadpoles with high tissue levels of
PCBs (216 ppm in 11 day old tadpoles exposed to 50 ppm A1254, 171 ppm in 18 day old
tadpoles exposed to 700 ppb A1254). In the present report, frog tissue levels were

considerably lower (-80 ppm in highest dose) than the levels associated with mortality
and observable health effects in our previous studies that exposed tadpoles via A1254
dissolved in DMSO in aquarium water.
Exposure to A1254 altered metamorphic rate

The present report shows a dose-related effect of A1254 exposure on the rate of
metamorphosis in Xenopus laevis frogs. Exposure to low doses of A1254 (24 ppm)
accelerated metamorphic rate. Specifically, tadpoles exposed to 24 ppm A1254

metamorphosed more rapidly than untreated control tadpoles. Amphibian metamorphosis
is regulated by complex interactions between brain derived neurohormones and
regulatory factors, and the thyroid hormone system (Eliceiri & Brown 1994, Tata 1996,
Denver et al. 1997). Corticotropin releasing hormone (CRH), produced in the brain,

stimulates production of adrenocorticotropic hormone (ACTH) and thyroid stimulating

hormone (TSH) in the pituitary (Denver et al., 1996). ACTH is one of three peptides
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produced from the POMC gene. Boorse andDenver (2002) recently showed that CRH

accelerates metamorphosis in the tiger salamander. In this report, expression of POMC
increased in tadpoles exposed to 24 ppm A1254. It is possible that the accelerated
metamorphic rate may be due to an increase in POMC gene expression.

In this report we showed that exposure to higher doses of A1254 (100 and 200
ppm) delayed metamorphosis. This effect may also be related to a PCB-induced
alteration of POMC gene expression. Although not statistically significant, POMC gene

expression decreased to 50% and 64% in animals treated with 100 and 200 ppm A1254,
respectively. Gutleb et al. (1999, 2000) also showed that exposure to PCBs delays
metamorphosis in developing Xenopus laevis frogs, although in those studies frogs were

exposed to lower doses of a different PCB mixture (2 ppm Clophen A50) or a single PCB
congener (200 ppb PCB 126). Reduced growth rate has been reported in Dutch infants

exposed to PCBs in utero (Patandin et al. 1998) and in children exposed in the Yusho and
Yu-Cheng incidents (Yoshimura & Ikeda 1978).

Exposure to low doses of A1254 increased gene expression

In our previous studies, we showed that increases in gene expression occurred in
developing tadpoles after acute exposure to low doses ofA1254 (Jelaso et al., 2003).
Eighteen day old tadpoles exposed to 5 and 50 ppb A1254 for 2 days had PCB tissue
levels of less than 20 ppm and showed significant increases in NGF, POMC, ICE,

GAPDH, p-actin and p53. Increases in gene expression occurred independent of any
observable health effects, indicating that they may be useful biomarkers of exposure. In

the present article, we show that long-term dietary exposure to low doses ofA1254 (24

ppm) in food produced tissue levels (16 ppm) similar to 18 day old tadpoles exposed to
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50 ppb A1254 (-15 ppm) through the aquarium water. In both experiments gene

expression of NGF and POMC increased. Increases in ICE, D2 Rt, GAPDH and p-actin
also occurred but were not statistically significant. Thus, the work in the present article
strengthens the idea that increases in the expression of specific genes can serve as

biomarkers of exposure to PCB levels that produce bioaccumulation of less than 20 ppm.
POMC is a gene that encodes for three individual proteins involved in the
regulation of endocrine system functions: ACTH, P-endorphin and melanocyte

stimulating hormone (MSH). In this report, exposure to low levels of A1254 (24 ppm)

increased expression of POMC. This result is similar to ourprevious study which showed
that acute exposure to low doses of A1254 increased expression of POMC in 18 day old

tadpoles (Jelaso et al., 2003) and with Bestervelt et al, (1998) who showed an increase in
circulating levels of ACTH in mice after exposure to TCDD.

Exposure to high doses of A1254 increased expression of p450 1A1

Cytochrome p450 enzymes play an important role in steroid metabolism and the
detoxification of xenobiotics (Denison & Whitlock Jr. 1995, Troisi & Mason 2000).

Cytochrome p450 1Al is an inducible enzyme that mediates the partial degradation and
detoxification of PCBs through activation of the aryl hydrocarbon (Ah) receptor. Non-

ortho substituted PCB congeners can bind to the Ah receptor. A1254 is a mixture that
/

contains both ortho and non-ortho substituted congeners. Numerous studies have shown

that p450 1Al is induced after exposure to PCBs (Dragnev et al. 1995, Bandiera et al.
1997, Drahushuk et al. 1997, Fowles et al. 1997, Yeung et al. 2003). P450 1Al is a well
established biomarker of exposure to PCBs in many different organisms. In this report,

frogs exposed to the highest dose (200 ppm) had high tissue levels of PCBs (80 ppm) and
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increased p450 1Al gene expression, indicating that p450 1Al can serve as a biomarker
ofexposure to higher doses ofA1254 in adult frogs. Exposure to lower doses (24-100

ppm) did not induce significant p450 1Al gene expression in this study. In our previous
studies, there was no significant change in p450 1Al in 11 or 18 day old tadpoles despite

very high tissue levels ofPCBs (up to 200 ppm). Some ofthe 18 day old tadpoles showed
dramatic increases in p450 1Al gene expression, butdue to a large variability in the

response of different animals, the result was not significant. Most likely, the p450 system

was beginning to mature around 18 days ofage. In this report, increased p450 1A1

expression occurred in frogs independent ofadverse health effects or changes in survival.
Frogs had relatively high tissue levels ofPCBs (up to 80 ppm), indicating that the frogs
may have a mechanism for coping with chronic exposure to higher doses of A1254.
SUMMARY

In the present report, we demonstrate that long-term, dietary exposure to the PCB
mixture, A1254, produces changes in gene expression in newly metamorphosed frogs.

Statistically significant increases in two key nervous system genes, NGF and POMC,

occurred after exposure to low doses ofA1254 independent ofobservable, adverse health

effects. At higher doses, gene expression returns to normal levels, indicating that the frog

response to A1254 does not follow a linear dose-response pattern; rather, it more closely
follows the inverted U-shaped response to contaminants associated with hormesis
(Calabrese & Baldwin 2002).
-

Onthe other hand, the p450 1Al gene expression response showed no change
from normal except in the highest dose (200 ppm), indicating thatthe Ah receptor system

in Xenopus laevis frogs may respond only to high tissue levels (80 ppm) ofxenobiotics.

18

Interestingly, even at tissue levels of 80 ppm and increased expression of p450 1Al, no
adverse health effects were obvious. P450 may then , play a role in protecting frogs from
the effects of PCBs.

This report demonstrates that increases in expression of specific genes are

associated with exposure dose and tissue concentration of PCBs. These results are in

agreement with our previous acute exposure studies (Jelaso et al., 2002, 2003), providing
further evidence for the use of gene expression changes as biomarkers of exposure.
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FIGURE LEGENDS

Fig. 1. Number of Days the Frogs Took to Reach Stage 64/65 of Development. Growth
rate was recorded in 2 independent experiments. In Expt. 1 (triangles) there was a
significant delay in growth rate in frogs treated with 50, 100 and 200 ppm compared to

frogs exposed to 24 ppm (*N=8, p < 0.05, p < 0.01, p < 0.01, respectively) and in frogs
treated with 100 and 200 ppm compared to controls (**N=8, p < 0.05). In Expt. 2

(squares) there was a significant delay in growth rate in frogs treated with 100 and 200

ppm compared to frogs exposed to 24 ppm (*N=8, p <0.05 and p < 0.01, respectively).

Fig. 2. Changes in Gene Expression in Frogs after Chronic Exposure to A1254. A:

Exposure to 24 ppm A1254 significantly increased expression of NGF (p<0.05, N=5) and

POMC compared to control (pO.Ol, N=5). B: Exposure to 24 ppm A1254 increased
expression of ICE (N=5), D2 Rt (N=5), GAPDH (N=4) and P-actin (N=4). P-actin
expression was elevated after exposure to 50 and 100 ppm Aroclor 1254. These results
followed the same trend as NGF and POMC, but were not statistically significant. C:

Exposure to 200 ppm Aroclor 1254 significantly increased p450 1A1 expression (pO.Ol,
N=4).
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Table 1. Statistical Values of Gene Expression Changes

pva/we

0.032

0.004

0.411

0.069

0.408

0.643

0.004

F value

3.282

5.436

1.040

2.577

1.063

0.638

8.024

One way ANOVA was calculated using Statview software, p and F values for each gene

are listed in the table. Fisher's post hoc test was calculated for genes with p values < 0.05.
p values for Fisher's post-hoc tests are described in Fig. 2.
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Table 2. PCB Tissue Levels of Frogs Exposed to A1254
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Control

24 ppm
50 ppm
100 ppm
200 ppm

16.43 + 1.61
24.68 + 1.83
55.25 + 4.01

79.81+5.59

Tissue levels are represented as mean + SD.
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Appendix 2.
Paraffin Embedding Protocol
Dehydration & Embedding:
PBS

15min.

70% Ethanol

15min.

(overnight if tissue is still yellow from Bouins)
70% Ethanol

15min.

80% Ethanol

15 min.

90% Ethanol

15 min.

95% Ethanol

15 min.

Fill vials in incubator with half paraffin and half methyl salicylate (use approximately
volumes that are sufficient for total immersion of the specimens)
100% Ethanol

15 min.

100% Ethanol

15 min.

Methyl Salicylate
Methyl Salicylate

15 min.
15 min.

Transfer specimens to vial with half paraffin/half methyl salicylate in the incubator.
30 min.

Transfer specimens to new vial with half/half solution in the incubator.
30min.

IF TADPOLES ARE > 17 DAYS OLD - pour off paraffin from vial and replace
1 hour

with fresh 100% paraffin.

Transfer specimens to vials with 100% paraffin, place in the oven and evac.
1 hour

Remove vials and orient tadpoles in molds with 100% paraffin.
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Appendix 3.

ICC PROCEDURE:

(DAB)
Tissue/Antibody:
Slide #1:
Slide #2

Slide #3
Slide #4
Slide #5
Slide #6
Slide #7
Slide #8

Slide #9 _
Slide #10

Dayl:
Dewax and rehvdrate:

Xylene
Xylene

5 min

100%ETOH

5 min

100%ETOH

5 min

95% ETOH

3 min

70% ETOH

3 min

PBS

5 min

H20

5 min

5 min

Steam in citrate buffer

30 min

Let sit at room temp.

20 min

Ouench endogenous peroxidase:
3 % H202

5 min

PBS

5 min

PBS

5 min

3% H202 = 1.7ml 35% H202
18.3ml PBS

Block nonspecific staining:
NHS blocker

2hr

NHS = 100ml PBS

3ml NHS
400ul Triton X-100

Incubate with primary antibody:

Prepare dilutions of 1° antibody in 3% NHS blocker.
Place slides into glass mailers and pour solution inside.
Day 2:
Wash:
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overnight

PBS

5 min

PBS

5 min

PBS

5 min

Incubate with biotinylated secondary antibody (rabbit anti-human):

Prepare 1:200 dilution of 2° antibody in 3% NHS blocker
200ul 2° antibody

30 min

40ml 3% NHS blocker

ABC preparation:
(after 15 min. make "standard" ABC complex. It must stand at room temp. 30 min prior to use)
Prepare ABC complex
40ml 3% NHS blocker

4 drops A
4 drops B
Wash:

PBS
PBS

5 min
5 min

PBS

5 min

ABC treatment:

ABC (use new mailer) 1 hr
Wash:
Save ABC

PBS (use new mailer)

5 min

PBS

5 min

PBS

5 min

DAB:

Make DAB: (use toxic glassware and wear labcoat)
40ml Ultrapure H20
16 drops Buffer Stock solution, mix well
32 drops DAB solution, mix well
16 drops H202 solution, mix well
Add DAB to slides
1 min (moniter)
Dehydrate:

dH20 (use new mailer) 5min
70% ETOH

1 min

80% ETOH

1 min

95% ETOH

1 min

100% ETOH

1 min

100% ETOH

1 min

2 min
Xylene
2 min
Xylene
Flood slide with permount and place glass coverslip over top.
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Appendix 4:

Expression of NGF in 10 day old Tadpoles.
NGF is Expressed in the Cranial Ganglia:

5th Cranial Ganelia

m;-/^

Fibroblast

Figure 1: 20x power ofa horizontal section ofthe 5th cranial ganglia and
fibroblasts in the surrounding connective tissue.

Ear Cavity

7th Cranial Ganglia

8th Cranial Ganglia

8th Ganglia Root

Figure 2: 20x power ofa horizontal section ofthe 7th and 8th cranial ganglia
resting next to the ear.

NGF is Expressed in the Developing Eye and Ear:

Photoreceptor Layer

Ganglia Layer

Figure 3: 20x power of a horizontal section of the photoreceptor and ganglia
layer of the developing eye.

Figure 4: lOx power of a horizontal section of the 8th cranial ganglia
connecting to the brain. Also stained is the horizontal ear canal.

NGF is Expressed in the Mouth and Gills:

Figure 5: lOx power of a horizontal section of papillae in the oral cavity and also
the ear epithelium.

Eoithelial Laver

Figure 6: 20x power of a horizontal section of the roof of the mouth. Fibroblast
cells and the epithelial layer are stained.

Crowns of Gills

Sensorv Cells

Figure 7: 20x power of a horizontal section of a portion of a gill. Gill crowns are
stained and also specific cells within the gills.

NGF is Expressed in Sensory Cells:

Lateral Line Orean
Hair Cells

Root Fiber

Figure 8: lOOx power of a lateral line organ in the skin. Cells within the organ
are stained along with two hair cells extending from the outer edge.

NGF is Expressed in Sensory and Motor Neurons in the Spinal Cord:

Notochord

Motor Neurons

Sensorv Neurons

Figure 9: 20x power of a coronal section of the spinal cord. Motor and sensory
neurons in the spinal cord are apparent as well as cells in the notochord.

Motor Neuron

Sensorv Neuron

Figure 10: 40x power of the same coronal section as shown directly above.
Stained cells can be detected more clearly.

